History of contaminant inputs into Lake Mead derived from sediment cores
By Michael R. Rosen, Peter C. Van Metre, David Alvarez, Kathy R. Echols, and Steven L. Goodbred - USGS
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Methods

Cores of Lake Mead bottom sediments were collected in 1998 using a Benthos piston corer
(up to 4 m long barrel and 6.3 cm inside diameter) (Covay and Beck, 2001). The corers were
deployed from a custom built pontoon boat (Van Metre et al., 2004). Sediment cores ranging in
length from 0.85 m to 1.5 m were taken at four sites; Las Vegas Bay – Shallow (LVB-Shallow),
Las Vegas Bay – Deep (LVB-Deep), Overton Arm (OA), and Virgin Basin (VB) (Figure 1) and
multiple cores were collected at each site (Van Metre et al., 2004). Most of the cores penetrated
pre-impoundment sediments, the exception being the LVB-Shallow which 137Cs indicates penetrated to about 1950. In order to recover the whole sediment sequence since impoundment, all
cores were taken outside of the incised Colorado River channel that existed before Hoover Dam
was constructed. The pre-impoundment interface in each core was identified by changes in the
physical appearance of the sediment, particle-size composition, or the presence of pre-impoundment soil-surface organic matter (Covay and Beck, 2001). The presence of pre-impoundment sediment ensured that a complete post-impoundment sedimentation record was represented by each
core and provides a reliable date-depth marker for each core.
Cores were extruded vertically and sliced into samples for chemical analyses of organochlorine pesticides and PCBs, dioxins, furans, polycyclic aromatic hydrocarbons (PAHs), phenols,
and 137Cs. Organochlorine pesticides and PCBs were analyzed in organic-solvent extracts using
dual capillary-column gas chromatography with dual electron-capture detectors (Wershaw et al.,
1987; Foreman et al., 1995). Dioxins and furans were analyzed in organic-solvent extracts using
gas chromatography/high-resolution mass spectrometry (U.S. Environmental Protection Agency,
1986). PAHs and phenols were analyzed in organic-solvent extracts using gas chromatography/
mass spectrometry (Furlong et al., 1996). 137Cs was analyzed
using a high purity intrinsic germanium detector gamma spectrometer. Sediment samples for elemental analyses were weighed,
frozen, freeze-dried, reweighed, and then ground to a fine power.
Elemental concentrations were determined on concentrated-acid
digests (nitrichydrofluoric in microwave pressure vessels) by
inductively coupled plasma-atomic emission spectrometry (ICP/
AES) (Arbogast, 1996) and by graphite furnace atomic adsorption
spectrometry (GF/AAS) (Aruscavage and Crock, 1987) at a USGS
laboratory in Reston, Va. Mercury was analyzed by cold vapor
atomic adsorption spectrometry (Arbogast, 1996). Not all analyses were conducted on cores at every site or every interval. Major
and trace element analyses were not conducted at the LVB-Deep
site and furans and dioxins were not analyzed on the OA core.
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Three new sediment cores were taken in Las Vegas Bay in 2007. These cores were taken in a transect from the mouth of Las Vegas Wash (core 4) to near the
USGS water quality platform (Core 2), to the mouth of Las Vegas Bay (Figure 1). Each core was approximately 70 cm long and they did not penetrate the entire postreservoir sequence. Cs-137 age dating was conducted on each core using the procedures above, and profiles were matched to the profiles determined for the 1998
cores. Because the profile is not complete in the new cores, only a preliminary assessment of ages can be assigned at this time. Further work on refining age estimates will be undertaken in the future.
These new cores were analyzed for emerging contaminants, some legacy pesticides and VOCs (DDE, PAHs), and selenium. Very few contaminants were found
in any of the cores, but higher concentrations were determined in the core taken closest to the mouth of Las Vegas Wash. The main contaminants, found were DDE
(which has been found previously), Galaxolide (Figure B1), and Tonalide, which are both musk fragrances found in soaps, perfumes, and other products that require a
scent. Higher concentrations of both fragrances are found at the top of the cores and tend to be below detection limits before 1980.
Selenium concentrations do not show an age related pattern and are not consistent between cores. Concentrations range from about 0.5 - 1.5 mg/g through
most of the cores, but the lower portion of Core 6 increases to almost 4 mg/g in places (Figure B2). Van Derveer and Canton (1997) proposed that 4 mg/g be used as
the observed threshold for fish and wildlife toxicity, and that 2.5 mg/g would be a threshold based on predicted effects. An explanation for the changes in Se concentrations over time is currently under investigation, but it is possible that it is related to sediment movement before wetlands were established on Las Vegas Wash.
Further investigations on these cores are continuing.
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Figure B1. Preliminary assessment of changes in Galaxolide (musk fragrance) concentration with depth in new
cores taken in 2007. Tonalide patterns are similar. Note that concentrations are higher at the top of the core.

Conclusions

The four sediment cores taken from three different sub-basins in Lake Mead showed different temporal patterns of major element, trace-element and anthropogenically derived organic contaminants that were highly influenced by fluvial sediment inputs from
local sub-watersheds. In the Las Vegas Bay cores, organic compound concentrations of DDT, DDE, PCBs, PAHs, and TCDD were
influenced by runoff from the urban area transported to Lake Mead by Las Vegas Wash. DDT and DDE were from point-sources
of historic industrial complexes located along Las Vegas Wash, whereas PCBs , PAHs, and TCDD are likely from non-point source
urban runoff. Most metal concentrations such as As,Cr, Mn, Ni, Pb, and Zn are higher in Las Vegas Bay cores compared to the
other Lake Mead basins, although sources are variable. High Mn concentrations come from historic mining in the 1960s along Las
Vegas Wash, whereas high Pb concentrations in the 1970s are likely due to the use of leaded gasoline before 1973. Increasing concentrations of Hg in Las Vegas Bay cores from the 1985 to the present is likely caused by urban growth. However, different Hg patterns in the Virgin Basin core is likely caused by changes in sediment supply due to the closing of Glen Canyon Dam on the Colorado
River upstream of this site and indicate that different patterns are due to local or regional hydrology and sources rather than global
Hg deposition.
The patterns of sedimentation chemical concentrations in the lake are strongly influenced by the geomorphic complexity of
the lake and the hydrology of the influent rivers.
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Figure 6. Changes in A) organic carbon content compared to B) Dichlorodiphenyldichloroethylene (DDE) and C) Polychlorinated biphenyls (PCBs) concentrations with time do not show similar patterns. Organic carbon content is not available for
Las Vegas-Deep core (LVB-Deep). Virgin Basin and Overton Arm cores show little variation in DDE concentration over time.
DDE is a metabolite (breakdown product) of Dichlorodiphenyltrichloroethane (DDT). A Ban on and PCB use (1977) is similar to peak concentrations, but the ban on DDT use predates peak concentrations in Las Vegas Bay cores. Lake Mead stage
height is plotted as a solid line.
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Further work is planned to determine the role of sediments in contaminant concentrations in Las Vegas Bay. Flux measurements will be done by submerging SPMDs in the bottom sediment and within the water column to see if a gradient exists. In addition, sediment cores will be taken to determine how
contaminants like AHTN and HHCB have changed over time. Other contaminants such as DDT and PCBs have been examined in lake cores, but emerging contaminants have not been sampled. The results of this work will provide more detailed information on the fate and transport of contaminants into Las
Vegas Bay.
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The objectives of this study were to determine how trace metal and organic contaminant
concentrations vary temporally and spatially within the reservoir and to delineate input sources for
selected constituents. In addition, newly emerging contaminants were analyzed to determine when
these compounds began accumulating in the lake sediments. These data can be used to reconstruct
the history of contaminant inputs to Lake Mead.
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The geology of the surrounding Lake
Mead watershed is extremely diverse and is
described in detail in Longwell (1960). Rocks
range in age from Precambrian to Holocene
and are composed of a wide variety of rock
types. In general, there are three distinct major
sources of sediments to Lake Mead: 1) Paleozoic carbonates from the mountain ranges to
the north of the lake, 2) volcanic and siliciclastic sediments of various ages from the Colorado River watershed, and 3) local Tertiary evaporite deposits (gypsum and halite mainly) of the Muddy Creek Formation
that are now buried beneath the lake in Overton Arm. These evaporites, which
have contributed some salinity to Lake Mead when it was initially flooded (Howard, 1960), are likely to have formed in a playa setting (Bohannon, 1984). Freshwater lacustrine limestones of the Pliocene Hual(a)pai Formation (spelled Hualpai
in Longwell, 1960; and Hualapai in Bohannon, 1984) may also contribute calcium
carbonate to Lake Mead. The diversity of sediment types within the Lake Mead
watershed makes tracking sediment signatures difficult, but anthropogenic changes,
such as the construction of Glen Canyon Dam, and increased urbanization in Las
Vegas have had a marked influence on the sediment chemistry in Lake Mead.
The land around Las Vegas Wash has historically been a major industrial
area where the manufacture of perchlorate and organochlorine pesticides, and manganese oxide production and manganese mining have all had an impact on water
and sediment quality entering Lake Mead.
Hoover Dam was completed in 1935 and Lake Mead filled behind the dam
over the next 3 to 5 years. Sedimentation processes, accumulation rates and sediment chemistry were studied extensively by the US Geological Survey about 10
years after the lake filled (Smith et al., 1960) in order to understand how sedimentation within the watershed was contributing to significant loss in lake volume.
Sediment cores were taken mainly in the former Colorado River channel and in
Boulder Basin just behind the dam. Sediment chemistry was characterized in only
a selected number of the 46 cores that were taken. However, the data presented in
Gould (1960) provide a basis for comparison for certain constituents that are common to this study. Further study of Lake Mead sediments other than for a bathymetric survey conducted by the Bureau of Reclamation before the construction
of Glen Canyon Dam (Lara and Sanders, 1970) were not undertaken until studies
on turbidite structure and sediment lithofacies were undertaken by Twitchell et
al (2006) using high-resolution seismic and coring techniques. Covay and Beck
(2001) presented data on persistent organic chemicals such as polychlorinated
biphenyls (PCBs) and organochlorine pesticides from the four Lake Mead cores
presented here, but did not interpret the data or present information on major and
trace elements. Van Metre et al (2004), as part of a national assessment of contaminant trends in lake cores, interpreted age dates in these cores using 137Cs profiles
(see age dating below).
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Lake Mead is the largest reservoir by volume in the United States and was created in 1935 by the construction of the 221-meter high Hoover Dam at Black Canyon on the lower Colorado River between Nevada
and Arizona (fig. 1). Inflows of water into the lake include three rivers, the Colorado, Virgin, and Muddy; as
well as Las Vegas Wash, which is now perennial because of discharges from municipal wastewater treatment
plants (Covay and Leiker, 1998) and urban stormwater runoff. As the population within the Las Vegas Valley
has increased since the 1940s, the treated effluent volume increased also, and in 1993 it constituted about 96
percent of the annual discharge of Las Vegas Wash (Bevans and others, 1996). The mean flow of Las Vegas
Lake
Mead
Wash into Las Vegas Bay from 1992 to 1998 was about 466,560 cubic meters per day (Preissler and others,
1999) and in 2001 increased to 605,600 cubic meters per day (U.S. Bureau of Reclamation, 2001).
In addition to nutrient loading by wastewater, the presence of numerous synthetic chemicals in water,
bottom sediments, and in fish tissue has been reported also (Bevans and others, 1996). Synthetic chemicals
discharging into Las Vegas Bay and Lake Mead (fig. 1) originate from several sources including surplus residential-irrigation water, stormwater runoff, subsurface inflow, and tertiary treated sewage effluent discharging
from three sewage-treatment plants. Chemicals detected in Las Vegas Wash and Bay environments include
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), chlorinated pesticides (including DDT and DDE), and “emerging contaminants” such as fragrances/musks, flame retardants, triclosan, personal care products, and pharmaceuticals (Bevans and others, 1996; Boyd and Furlong, 2002; Leiker and othFigure 1. Lake Mead showing the four coring sites in Las Vegas Bay (2 sites), Overton Arm and the
ers, in press).
Virgin Basin.
The National Park Service (NPS) manages Lake Mead National Recreation Area (LMNRA) which has
about 9 million yearly visitors including 500,000 anglers drawn to its world-class recreational fishery. The U.S. Fish and Wildlife Service (FWS) provides management
for the federally designated, endangered razorback sucker (Xyrauchen texanus), and for over 180 species of migratory birds that utilize LMNRA surface-waters. These
multiple uses of surface water in the area demonstrate their vital importance to the LMNRA as well as the need to maintain the quality of water at levels that are adequate
for these uses.
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Age Dating
The cores were dated on the basis of various date-depth markers and assumed constant mass accumulation
rates (MARs) between them (Van Metre et al., 2004). The date markers included: the pre-reservoir soil interface
matched to the impoundment date of 1935, the first occurrence of significant 137Cs from atmospheric deposition in
1951 (often reported as 1952 but the first major test series at the Nevada Test Site was during summer 1951), the
last major peak in 137Cs activity before above-ground testing was halted worldwide in 1964, and the collection date
of the core in 1998.
Unlike cores from lakes in other parts of the USA where a single large 137Cs peak in the early 1960s typiLas Vegas Bay and Virgin Basin Cores
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cally is found (e.g. Van Metre et al., 1997), the Lake Mead cores show clear evidence of Cs fallout during above0.0
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ground nuclear weapons testing at the Nevada Test Site in the 1950s. The most obvious evidence of 1950s fallout is
F
E
D
1990
20
recorded in the OA core, which has a series of large peaks in 137Cs activity spread over the middle of the core, from
1980
40
19 cm depth (the 1963-64 peak) to 68 cm depth (presumably the 1952 peak associated with the Tumbler-Snapper
1970
60
test series) (figure 2A). The pre-reservoir interface is at 75 cm. Exclusive of the 1964 peak, there are four major
1960
80
peaks (32, 45, 56, and 68 cm) and one minor peak (39 cm). This profile is unique in our experience and suggests
]
1950
100
individual test series are recorded in the core and that sedimentation rates had to have been much higher at the site
120
1940
during testing than before or after. There were four very large test series in terms of estimated 137Cs deposited over
140
1930
the continental USA and three smaller series (Beck, et al., 1990). Assuming the four largest peaks in 137Cs in the
OA core correspond to the four largest test series results in variable and much higher MARs during the 1950s in the
core (figure 2B and 2C).
Increased sedimentation, but by much smaller relative amounts than on the Overton Arm, also is suggested Figure 2. Profiles of Cs activity used to determine deposition dates in cores: Cs in the OV
versus depth (A) and date (B) and for 1950-1966 shown with estimated Cs deposition for
by 137Cs profiles in the VB and LVB cores (figures 2D, E and F). Wind patterns and reported fallout generally favor core
the continental USA from nuclear weapons tests at the Nevada Test Site (Beck et al., 1990) (C);
LVB and VB cores versus depth (D) and date (E); sediment mass accumulation rates in
dust deposition over the watershed of the Overton Arm and to the north relative to other parts of the lake (Eisenbud allCsfourin cores
(F).
137
and Harley, 1953). Adjusting MARs to assign reasonable dates to the Cs peaks in each core results in the profiles
and MARs shown on figures 2E and F. Although these large increases in sedimentation rates are somewhat surprising, we can find no other obvious explanation for the 137Cs profiles and the deposition dates result in logical temporal profiles of 137Cs in all four cores.
Major and trace elements
Changes in major element concentrations are most apparent in the LVB-Shallow and VB cores, although
antithetic changes in Ca and inorganic carbon versus Si and Al are apparent in all of the cores. These changes
reflect differences in sediment sources, but the patterns over time in each core are not the same. Strontium concentrations are generally related to the amount of calcium carbonate (represented by inorganic carbon) present
150
at each interval in the OA and VB cores, but in LVB-Shallow, the Sr/Ca ratios are higher than in the OA and
VB cores and do not correlate with inorganic carbon (Figure 3). The additional strontium present in the LVBShallow core must come from a different siliciclastic source. Evidence of a different siliciclastic source is also
shown in the Mn concentrations in LVB-Shallow, which are highest from 1960 to about 1985 (Figure 4). A
100
manganese mine operated near Las Vegas Wash until 1961 (see http://www.lvwash.org/important/history/hist_
mine.html for more details) and erosion from the tailings may have been present in Las Vegas Wash sediment
LVB Shallow
for many years after the closing of the mine. It is curious, however, that Mn concentrations in the core are relaVirgin Basin
tively low prior to about 1960 during the period of mine operation.
Overton
50
Mercury concentrations in LVB-Shallow and VB cores (no data from OA or LVB-Deep) show pronounced but different temporal trends. The LVB-Shallow core has variable but low concentrations until about
2
1985 then an approximate doubling of concentrations with the highest concentration in 1990 (Figure 5). Meradjusted R =0.56
cury in the VB core has a sharp peak in the late 1950s and a more prolonged peak in the early 1960s with a gen0
3
6
eral decrease after (Figure 5). Many other trace and major elements follow similar patterns to Hg in the VB core
Inorganic Carbon (%)
from 1960 to 1998, including Al, Si, Co, Ni, K, Fe, P, Ti, Cr, Cu, and Zn.
Figure 3. Correlation of Sr/Ca and inorganic carbon in LVB-Shallow, Overton and Virgin basin cores.
Organic compounds
LVB-Shallow core shows higher Sr/Ca ratios than the other cores. Adjusted R2 value is for the VB and
OA data combined.
Total organic carbon concentrations are relatively constant in all the cores (Figure 6A), although with a
general, statistically significant (p<0.001) increasing trend that is typical of lake sediments undergoing some
diagenetic loss of organic matter over time. Total organic carbon concentrations do not follow the same patterns
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260
280
300
320
340
360
380
400
as organic contaminant concentrations, indicating that contaminant concentrations are not simply related to the
2000
amount of organic carbon present at any given interval in the cores.
Dichlorodiphenyltrichloroethane (DDT) was only detected in the LVB-Shallow and Deep cores and only
1990
at low concentrations (2.4 mg/kg or less) (Covay and Beck, 2001). Bevans et al. (1996) did not find DDT or its
1980
metabolites in Las Vegas Wash bed sediment collected in 1992 at a site upstream of the BMI site, but did find
DDT and its metabolites in common carp and water samples downstream of the BMI site in 1995. Concentra1970
LVB Shallow
tions of DDT were highest at the top of the LVB-Shallow core and only detected in the second sample from the
Overton
Virgin Basin
top of LVB-Deep, a pattern seen in other reservoir cores and attributed to the preservation of DDT in soils but rel1960
atively rapid degradation to dichlorodiphenyldichloroethylene (DDE) and dichlorodiphenyldichloroethane (DDD)
1950
in aquatic settings (Van Metre and Mahler, 2004, and references therein). In contrast, SDDT (sum of DDT,
DDD, and DDE) in LVB-Shallow increases from the bottom of the core (early 1950s) to a peak in about 1982.
1940
The small increase at the top of the core, like the DDT profile, probably is an artifact of diagenesis; some loss of
Construction of reservoir
organic carbon and hydrophobic organic compounds soon after deposition in lakes has been observed elsewhere
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and hypothesized to indicate desorption and degradation losses (Van Metre and Mahler, 2004).
Mn (ppm)
Industrial waste from the BMI industrial site in Henderson was put into unlined ponds near Las Vegas
Figure 4. Manganese concentrations with time in Las Vegas Bay (LVB), Overton Arm and the Vir- Wash that were allowed to evaporate. These ponds were used until 1976. SDDT and DDE peaked around 1980
gin Basin. Lake Mead stage height is shown as a solid line. LVW = Las Vegas Wash.
(Figure 6B), about 8 years after the ban on use in the USA and 4 years after the evaporation ponds were closed.
This peak is later than SDDT peaks in most lake-core records which coincide with peak use in the mid- to late1960s (Van Metre and Mahler, 2005). The delayed peak here is likely due to the presence of the historical manuLake Mead Stage Height (m)
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facturing plants located near the wash.
2000
Concentrations of PCBs in the LVB cores were highest from the 1960s-1980s (Figure 6C), generally consistent with their historical use (PCB use was banned in the US in 1977), and were not detected in the OA and
1990
VB cores. The temporal pattern of PCBs in Las Vegas Bay is similar to that found elsewhere and concentrations
1980
are relatively low considering the urban setting in the watershed (Van Metre and Mahler, 2004).
Polycyclic aromatic hydrocarbon concentrations (Covay and Beck, 2001) are relatively low in compari1970
LVB Shallow
son to urban lakes nationally (Van Metre and Mahler, 2005). SPAH concentrations (the sum of 18 parent PAH
Virgin Basin
plus their alkylated homologues) generally are higher in the LVB cores than the OA and VB cores, increasing in
1960
the 1950s and 1960s and remaining generally constant since. The PAH assemblage can indicate the dominant
source type, particularly the difference between petrogenic and pyrogenic sources (e.g. Motelay-Massei et al.,
1950
2007). One useful indicator is the ratio of 2 and 3 ring PAH plus homologues to combustion PAH (2+3/COMB),
1940
the former being indicative of petrogenic sources and the latter of pyrogenic. This ratio is generally higher in the
OA and VB cores indicating more pyrogenic sources, although none of these sites is dominated by combustion
Construction of reservoir
1930
sources to the extent of urban lakes nationally (2+3/COMB of 0.1—0.5; Van Metre and Mahler, 2005).
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
Selected samples from the LVB and VB cores were analyzed for tetrachlorodibenzo-p-dioxin (TCDD)
Hg (ppm)
(Covay and Beck, 2001), a byproduct of waste incineration of materials containing chlorine-based chemical comFigure 5. Mercury (Hg) concentrations over time in Las Vegas Bay-Shallow and Virgin basin cores.
pounds. Total TCDD concentrations increased steadily from about 1960 to the tops of the LVB cores (Figure 7)
Note increase in both cores since about 1990. Lake Mead stage height is plotted as a solid line.
and were not detected in the VB core.
Calendar Years

Assessing the changes in contaminant inputs (both organic and inorganic) over time is important in determining sources and sinks of these inputs.
Variations in contaminant input were assessed in four sediment cores taken in 1998 from three different parts of Lake Mead (two from Las Vegas Bay and
one from Overton Arm and Virgin Basin). Sediments were analyzed for major and trace elements, radionuclides, and organic compounds. Anthropogenic
contaminant concentrations are greatest in Las Vegas Bay reflecting inputs from the Las Vegas urban area, although concentrations are low compared to
sediment quality guidelines and to other USA lakes. One exception to this pattern was higher mercury concentrations in the Virgin Basin core. The Virgin
Basin core is in the main body of the reservoir and is influenced by the hydrology of the Colorado River, which changed after completion of Glen Canyon
Dam. Major- and trace-elements in the core show pronounced shifts in the early 1960s and, in many cases, gradually return to concentrations more typical of
pre-1960s by the 1980s and 1990s, after the filling of Lake Powell upstream. The Overton Arm is the sub-basin least effected by anthropogenic contaminant
inputs. Cores from Las Vegas Bay taken in 2007 were analyzed for emerging contaminants and although data are still preliminary, detections of musk fragrances have been found only in the upper 10 – 15 cm of the core, indicating that these compounds either degrade with time or have only been accumulating
for the past 10 – 20 years.
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Figure 7. Changes in total tetrachlorodibenzo-p-dioxin (TCDD) concentrations with time compared to Clark County
population growth over the same time period. No data available from Overton Arm core, all data from Virgin Basin core
below detection limits of 0.52 – 0.76 pg/g. Population data from US Census Bureau.
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